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Global total net CO2 emissions
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In pathways limiting global warming to 1.5°C

with no or limited overshoot as well as in
pathways with a higher overshoot, CO2 emissions
are reduced to net zero globally around 2050.

Four illustrative model pathways
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100% carbon-free grid statutes

California
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Minnesota
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States and utilities that have set climate change-related targets since 2017

State introduced M State passed into law Utility pledged




Our zero carbon options

Dispatchable/firm




Review of 40 studies: having firm zero carbon
power available reduces costs and risks In
achieving a zero carbon grid especially as
reductions move > 50%
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The electric power sector is widely ex-
pected to be the linchpin of efforts to
reduce greenhouse gas (GHG) emis-
sions. Virtually all credible pathways to

Cell

challenging—and requires a different
set of low-carbon resources—than
comparatively modest emissions re-
ductions (e.g., CO: reductions of
50%-70%). This is chiefly because
more modest goals can readily employ
natural gas-fired power plants as firm
resources. Pushing to near-zero emis-

sions requires replacing the vast major-
fa L Y 1 1 1 -
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Why is this so?

Let’s look at California as a
case study.



In California, as in most of the Northern
Hemisphere, wind and solar varies
substantially not just daily but weekly-
monthly, in a way that does not always
match load

At high levels of wind and solar energy (> 50-
60% of system energy), “filling the gap”
begins to pose serious cost challenges
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Load/Generation

(MW)

Smoothed Daily Load & Renewable Energy
Generation, Mixed Renewable Scenario

Scenario definition: 2018 wind and solar generation scale to each
0)
meet 50% of total 2018 CAISO load Seasonal surplus
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Percent of Hourly Load Served, Mixed

Renewable Scenario

Scenario definition: 2018 wind and solar generation scale to each meet 50% of total 2018

CAISO load
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Can we solve this problem
with batteries or other
energy storage to capture
the seasonal surplus and
use it in deficit periods?



Daily Renewable Energy Generation Surpluses and

Deficits, Mixed Renewable Scenario

Scenario definition: 2018 wind and solar generation scale to each
meet 50% of total 2018 CAISO load
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The storage solution

Surplus to store and use = 35,946,633 MWh or 18% of annual
CAISO load

Assume $100/kwh for storage capacity (~ 60-80% drop from
today’s costs)

Capital cost = $3.59 Trillion
Utilization factor < 1%

Total cost of wind + solar+ storage = $1,612/MWH (vs current
average generation cost of $50/MWH)

CA
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Billions

ANNUAL POWER SUPPLY COST
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Same conclusions at national scale (copper plate trans-
continental HVDC grid, demand response, storage)
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Jenkins et al., Getting to Zero Carbon Emissions in the Electric Power Sector,
Joule (2018), https://doi.org/ 10.1016/j.joule.2018.11.013, adapted from
Frew, Bethany A., Jacobson, M. et al. "Flexibility mechanisms and pathways
to a highly renewable US electricity future." Energy 101 (2016): 65-78.
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But all low carbon resources (firm and non-firm) have
significant challenges

Nuclear — current cost challenges, public concern about waste and safety

Gas with carbon capture — still in early commercial stage, need to site pipeline and
storage infrastructure, need to abate upstream emissions

Hydro — habitat, siting

Biomass — impact on land use and related carbon emissions, competition for cropping
space

Solar and wind — cost challenges at high penetration described previously, large capacity
times peak demand required, transmission siting

CA
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Advanced nuclear




Extra slides
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Nuclear can decarbonize a grid quickly

Average annual increase of carbon-free net electricity generation
in kilowatt-hours per capita-year during decade of peak scale-up
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Operating subsidies compared

Value of subsidy
($/MWh reduction in LCOE)
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Federal and State Subsidies - 2017 Estimate
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New nuclear cost: room for improvement!

Total Capital Cost
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Waste: not an unsolvable problem

Finland’s consent-sited waste repository under construction




